The objective of this study was to establish the baseline retinal hemodynamic characteristics of stratified groups of diabetic patients at increasing risk for the development of diabetic macular edema (DME). Group 1 had 50 control subjects, group 2 had 56 diabetic patients without clinically visible retinopathy, group 3 had 54 diabetic patients with microaneurysms and/or hard exudates within two disc diameters of the fovea in the absence of clinically manifest DME, and group 4 had 40 patients with clinically manifest DME. Retinal hemodynamics (diameter, velocity, maximum-to-minimum velocity ratio, and flow) were assessed. Intraocular pressure, blood pressure, and relevant systemic markers of diabetes control and complications were also undertaken. The maximum-to-minimum velocity ratio was elevated with increasing risk of clinically significant DME (P < 0.0001). No significant differences were found between the groups with respect to diameter, velocity, or flow. The maximum-to-minimum velocity ratio was correlated to age, duration of diabetes, blood pressure, pulse rate, intraocular pressure, and serum potassium levels. In conclusion, the maximum-to-minimum velocity ratio was significantly increased with increasing risk of development of DME. Retinal arteriolar hemodynamics were positively correlated to age, duration of diabetes, and blood pressure. These findings suggest a reduction in the compliance (i.e., an increase of vascular rigidity) of the arteriolar circulation with increasing risk of DME. Diabetes 55:813-818, 2006
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iabetic retinopathy is a leading cause of visual impairment in the world, including North America (1) . Due to the increasing prevalence of diabetes, the financial, societal, and personal burden of diabetic retinopathy is increasing dramatically despite improvements in patient education and glycemic control (2) (3) (4) . Diabetic retinopathy results from microvascular decompensation beginning with basement membrane thickening (5) and eventually leading to vascular occlusion and neovascularization (6) . Diabetic macular edema (DME) can occur at virtually any stage during diabetic retinopathy development, and it represents the leading cause of visual impairment in people with diabetes (7) . Laser photocoagulation is the established treatment for clinically significant DME (8) . Although laser photocoagulation is effective in arresting visual acuity loss due to DME, it is also destructive (9, 10) . The prevention of the retinal complications of diabetes is becoming increasingly important from a public health standpoint. There is a clear need for improved diagnostic and therapeutic techniques in the management of diabetic retinopathy (11, 12) .
Disturbance of retinal hemodynamics is an accepted surrogate marker of early diabetic retinopathy (13) (14) (15) (16) (17) (18) . Retinal vasodilation has been proposed to occur before the onset of clinically evident diabetic retinopathy. An increase in retinal blood flow has been suggested to eventually lead to the development of diabetic retinopathy, possibly due to increased frictional forces (i.e., shear stress) on the endothelial cells lining the walls of retinal vessels (16) . However, the precise nature of the blood flow disturbance is controversial, due, in part, to the diversity of techniques used to quantify retinal hemodynamics, the various stages of retinopathy studied, and the heterogeneity of the diabetic groups (17) .
Bidirectional laser Doppler velocimetry is a technique used to quantify centerline blood velocity. The Canon Laser Blood Flowmeter (CLBF) is the only hemodynamic assessment technique that can simultaneously measure vessel diameter and centerline blood velocity and, therefore, for the first time, quantify volumetric blood flow in absolute units (19) . The CLBF determines centerline blood velocity (in millimeters per second) using bidirectional photodetectors and vessel diameter (in micromoles) using densitometry of the retinal arterioles and venules. In addition, an eye tracker system is incorporated into the optical system of the CLBF to minimize the impact of eye movement. It subsequently quantifies blood flow (in microliters per minute) based on the Poiseuille principle. The minimum vessel diameter that the CLBF can measure is ϳ80 m, and, therefore, the instrument cannot be used to assess capillary hemodynamics. The assessment of retinal blood flow with the CLBF will provide new insights into retinal vascular disease (20) . Evaluation of the instrument in normal subjects to determine its variability and repeatability has been established (21, 22) . There is a need to reveal the precise nature of the disturbance of retinal hemodynamics in a defined population of patients with diabetes. The purpose of this study was to report baseline retinal arteriolar hemodynamics in a cohort of patients with varying levels of risk for the development of sightthreatening DME and to correlate these parameters to systemic measures of diabetes control and complications.
Ethics, University of Waterloo. All procedures followed the principles expressed in the Declaration of Helsinki. Subjects were recruited from patients, family members, or staff of the Toronto Western Hospital after the nature of the study was explained and informed consent was obtained. Subjects were between 39 and 72 years of age. The sample was composed of four groups: group 1: 51 nondiabetic control subjects ([means Ϯ SD] aged 52.7 Ϯ 8.5 years); group 2: 59 patients with diabetes but no clinically visible diabetic retinopathy (aged 54.2 Ϯ 8.2 years, mean duration of diabetes 8.4 years); group 3: 57 patients with diabetes with hard exudates and/or microaneurysms within two disc diameters of the fovea but no clinically detectable retinal edema (aged 56.7 Ϯ 7.5 years, mean duration of diabetes 15.8 years); and group 4: 45 patients with diabetes with clinically evident retinal edema (aged 58.6 Ϯ 7.1 years, mean duration of diabetes 16.6 years). Our group definitions are based on features of diabetic retinopathy that reflect greater propensity for the development of DME, such as the presence of hard exudates, which are frequently associated with edema. Our groups are therefore defined in such a manner to increase the propensity (i.e., progression from groups 1 to 4) for blood-retinal barrier breakdown and the presence of DME. The definition of group 3 patients was based on risk factors identified in the Early Treatment of Diabetic Retinopathy Study for the development of macular edema (23, 24) . Group 4 patients have a pretreatable form of macular edema, i.e., based upon the Early Treatment of Diabetic Retinopathy Study classification of clinically significant DME (8) . Patients with diabetes with any eye disease other than mild nonproliferative diabetic retinopathy, such as moderate-to-severe nonproliferative, proliferative, or ischemic retinopathy or laser treatment for retinopathy, were excluded. Seven of 161 patients with diabetes had type 1 diabetes (the remainder had type 2 diabetes), and 65 patients were treated with insulin (16 in group 2, 30 in group 3, and 18 in group 4). All patients had a logMAR visual acuity of 0.3 (Snellen equivalent 20/40) or better. Patients with a refractive error ϾϮ6.00D sphere or Ϯ2.50D cylinder, significant lenticular opacity (Lens Opacity Classification System III grading for nuclear color Ͼ3.5, nuclear opalescence Ͼ3.5, cortical cataract Ͼ3, or posterior subcapsular cataract Ͼ2), family history of glaucoma in a first-degree relative, or use of medications with known central nervous system effects (i.e., antiepileptics, anticonvulsants, antidepressants, or muscle relaxants) were excluded. Nondiabetic control subjects with any eye disease or family history of diabetes in a first-degree relative were excluded. Nondiabetic subjects were also screened for diabetes using a semiquantitative urine dipstick test (Diastix Reagent Strips; Bayer, Etobicoke, Canada). Clinical procedures. Intraocular pressure (IOP) was assessed using Goldmann applanation tonometry. Resting blood pressure and pulse rate were measured using an average of three automated monitor readings after the patients were seated for 10 min. The anterior segment was examined for any abnormalities before pupillary dilation with 1% tropicamide and/or 1% cyclopentolate. A retinal exam by a retinal specialist using stereo fundus biomicroscopy documented the level of retinopathy and/or area of edema for patients with diabetes and confirmed normality for control subjects. The eye with the worse level of retinopathy and still meeting the inclusion criteria was chosen for the study. If both eyes had an equal level of retinopathy, one eye was randomly assigned to the study. Simultaneous stereophotos were taken using the Nidek 3-Dx stereo fundus camera (Nidek, Freemont, CA) onto 35-mm Kodak Elite Chrome 100 film. Each stereo image was composed of a rectangular area 24.8 (vertical) ϫ 20.2 (horizontal) degrees. The fields were centered on the optic nerve head, fovea, and superior, inferior, and temporal retina. The overlapping images yielded a maximum stereo field of 75 (vertical) ϫ 60 (horizontal) degrees. Images were mounted into slides and later assessed by two ophthalmologists (R.K.N. and M.K.) to document the extent of retinopathy and/or area of edema. The presence, or absence, of DME was determined clinically by a single retinal specialist and then subsequently confirmed by another two independent graders using simultaneous stereo photographs. Axial length was measured by I 3 System ABD A-scan ultrasound (I 3 Innovative Imaging, Sacremento, CA) to correct hemodynamic measurements for magnification effects. Patients with diabetes underwent blood and urine tests within an hour of retinal blood flow measurements. Blood tests included measurement of HbA 1c (A1C), random glucose, potassium, creatinine, and albumin. Urine tests included urinary creatinine, albumin, and the calculation of the albumin-to-creatinine ratio. Normal control subjects did not undergo routine blood tests. Measurement of retinal arteriolar hemodynamics. Retinal hemodynamics were noninvasively assessed using the CLBF model 100. The principle underlying the CLBF is that of bidirectional laser Doppler velocimetry. By utilizing two photo multipliers separated by a known angle, the CLBF provides an absolute, pointwise measurement of centerline blood velocity (25, 26) . A measurement window of 2 s permits continuous velocity readings, and a plot of velocity versus time is acquired. The CLBF simultaneously measures the diameter of the vessel of interest using a densitometry technique (27, 28) and also uses a vessel tracking system that is used to stabilize the image. In combination with the average velocity over a pulse cycle and the diameter, flow through the vessel can be calculated based on the Poiseuille principle. Measurement of retinal arteriolar diameter (in micromoles), velocity (in millimeters per second), maximum-to-minimum velocity ratio, and flow (in micromoles per minute) were undertaken in a superior temporal arteriole located within two disc diameters of the optic nerve head. All measurements were taken as close to the optic nerve head as possible to optimize signal-to-noise ratio and were typically undertaken after the first bifurcation in a straight segment of the arteriole. Smaller arterioles, proximity to bifurcations, and curved segments were avoided due to poor signal-to-noise ratio or turbulent flow characteristics. The data across groups were quite similar, with group mean diameters ranging from 103.1 to 106.3 m and 95% confidence limits for each of the four groups of 3 m. The maximum-to-minimum velocity ratio reflects the pulsatility, frequently termed compliance, of the retinal vasculature. An increase in maximum-to-minimum velocity ratio would result from a loss of compliance, that is, an increase in vascular rigidity. Three to five measurements were taken at each retinal location and the results averaged for each patient. A detailed, standardized postacquisition analysis of the velocity profiles was used to remove any measurements adversely affected by eye movement, tear film break-up, or inaccurate tracking of the measurement laser (21) . The variability of this instrument in measuring retinal hemodynamics has been previously defined (21) . Analysis. Outliers were identified on box plots for diameter, velocity, and flow. One patient was removed from group 1, 3 from group 2, 3 from group 3, and 5 from group 4 of the possible 212 participants, leaving 200 patients in the analysis. The maximum-to-minimum velocity ratio and the albumin-to-creatinine ratio were log transformed to satisfy normality. One-way ANOVA was used to determine any significant differences between groups for all measured parameters. Post hoc Student's t tests were conducted between control and diabetic groups. Pearson correlation matrices were used to examine relationships between retinal hemodynamic parameters and measured systemic parameters (i.e., blood pressure, pulse rate, blood, and urine tests). Significantly correlated parameters were entered into multivariate models to examine the independence of each relationship to retinal hemodynamics. The level of significance was set at 0.05. Calculations were done using SAS 8.02 (SAS Institute, Cary, NC) and Statistica 6.1 (Statsoft, Tulsa, OK).
RESULTS
The maximum-to-minimum velocity ratio showed a significant increase across the four groups (ANOVA P Ͻ 0.0001), with groups 3 and 4 demonstrating significantly higher maximum-to-minimum velocity ratios than group 1 (Student's t, P Ͻ 0.0249, Fig. 1 ). The maximum-to-minimum velocity ratio was positively correlated to age, duration of diabetes, systolic blood pressure, IOP, and serum potassium and negatively correlated to diastolic blood pressure and pulse rate (Table 1) .
There were no significant differences across groups for the retinal hemodynamic parameter of diameter, velocity, and flow (Fig. 2) . Among the patients with diabetes, diameter was not significantly correlated with any of the systemic parameters, although borderline associations were noted for age, A1C, and random glucose. Velocity was positively correlated with age and systolic, diastolic, and mean arterial blood pressure. Retinal blood flow was positively correlated with age and systolic, diastolic, and mean arterial blood pressure and negatively correlated to random glucose. Removal of the seven type 1 diabetic patients did not significantly alter the primary outcome measures of diameter, velocity, flow, and maximum-tominimum velocity ratio. Subsequent analyses included all patients.
With increasing risk of DME, age (P ϭ 0.0025), duration of diabetes (P Ͻ 0.0001), systolic blood pressure (P Ͻ 0.0001), mean arterial blood pressure (P ϭ 0.0014), pulse rate (P ϭ 0.0007), A1C (P ϭ 0.0319), and the urinary albumin-to-creatinine ratio (P ϭ 0.0157) were all significantly elevated (Table 2) .
Multivariate models were implemented for variables that were significantly correlated to hemodynamic parameters. The maximum-to-minimum velocity ratio remained significantly related to age (P Ͻ 0.0001) and duration of diabetes (P ϭ 0.0030) after adjusting for IOP, serum potassium, pulse rate, and blood pressure. Diameter was significantly related to age (P ϭ 0.0072) after adjusting for A1C and glucose. Velocity was significantly related to systolic blood pressure (P ϭ 0.0261) and mean arterial pressure (P ϭ 0.0311) after adjusting for age and glucose. Age was significantly related to velocity (P ϭ 0.0410) only when diastolic blood pressure was used in the model. Flow was significantly related to age (P Ͻ 0.0204) after adjusting for A1C, glucose, and blood pressure. Models including the albumin-to-creatinine ratio showed no significant relation of this parameter to flow, and the variable was abandoned from other models due to an incomplete dataset (n ϭ 94). Further adjustment of the models, if needed, for duration of diabetes, blood pressure, and A1C did not significantly alter the results.
DISCUSSION
To the best of our knowledge, this is the first study to investigate retinal arteriolar hemodynamics and relate the findings to systemic measures of control in a defined cohort of patients at increasing risk for the development of DME. The defined groups represent a relatively early form of diabetic retinopathy and are classified based on identified risk factors for the development of DME. Bidirectional laser Doppler velocimetry combined with a simultaneous measurement of vessel diameter is the only method to truly quantify volumetric blood flow in absolute units. This new technique has provided valuable insight into the early hemodynamic disturbances in diabetic retinopathy (20,29 -31) . This study characterizes early retinal hemodynamic disturbances and systemic correlates in diabetic patients with increasing risk for the development of DME.
In our cohort, we found a clear increase in the maximum-to-minimum velocity ratio with increasing risk for the development of DME. Groups 3 and 4, those with visible retinopathy and macular edema, respectively, had significantly higher maximum-to-minimum velocity ratios compared with normal control subjects. The univariate correlations of systolic and diastolic blood pressure, IOP, serum potassium, and pulse rate on the maximum-tominimum velocity ratio were not apparent in a multivariate analysis. However, age and duration of diabetes remained significantly related to the maximum-to-minimum velocity ratio using multivariate analysis. Although age and duration of disease are often correlated to each other, they were not in our cohort of patients, which supports their independent relation to the maximum-tominimum velocity ratio. The positive correlations of maximum-to-minimum velocity ratio to age and duration of diabetes suggest a loss of compliance of the arterial circulation. The site of the decreased compliance could be up-or downstream from the point of retinal hemodynamic assessment. Work is currently being undertaken in our lab to determine whether the increase of vessel rigidity is at the point of measurement of retinal hemodynamics. With decreased compliance of the arterial circulation, an increase in the pulsatility of blood is expected due to a lack of dampening of the pulse wave. An effect of increased arterial rigidity with diabetes, hypertension, and age is well documented in the macrovasculature (32) (33) (34) (35) , with possible resulting detrimental effects on the retinal microvasculature (36 -39) .
One previous study (20) using laser Doppler velocimetry in a small number of subjects showed an increase in the Data are Pearson correlation coefficients (associated P values). A significant correlation was taken at r Ͼ 0.140 and P Ͻ 0.05. The maximum-to-minimum velocity ratio and albumin-to-creatinine ratio were transformed using a log function to satisfy normality.
maximum-to-minimum velocity ratio with increasing severity of retinopathy, although there was a decrease in the maximum-to-minimum velocity ratio compared with control subjects. A more recent study (40) in patients with age-related macular degeneration showed a clear increase in the maximum-to-minimum velocity ratio with increasing disease severity. It was also shown that the maximum-tominimum velocity ratio was decreased after panretinal photocoagulation, suggesting that an increased maximumto-minimum velocity ratio was detrimental in the progression to proliferative retinopathy (41 (45) found increased pulsatility indexes in the ophthalmic artery using color Doppler imaging in patients with background and proliferative retinopathy. In animal models of diabetes, the basement membrane of both arteries and veins are thickened (46) . This basement membrane thickening is aggravated by the presence of hypertension (47) . An accelerated arteriosclerosis within the retinal arterioles may represent one of the earliest changes associated with the development of diabetic retinopathy.
A prevailing theory in the pathogenesis of diabetic retinopathy is that of hyperperfusion (16). Kohner et al. (16) suggested that increased blood flow led to increased shear stress on the vessel wall. Support for this was found in a number of studies that showed decreased blood flow with insulin treatment to lower blood glucose (48) and increased blood flow with advancement of retinopathy (20, 49) . However, the nature of the blood flow alteration is far from conclusive, even when only considering data published by the same authors. Grunwald et al. (30) found no significant changes in retinal blood flow in any of his untreated diabetic groups. Others, using fluorescein angiographic techniques, have found a decrease in retinal blood flow in patients with diabetes and no retinopathy at the level of the arterioles (14) and capillaries (50) . Konno et al. (51) found an initial decrease in blood flow and then an increase as duration of diabetes increased in a prospective series of patients. Our cross-sectional study showed similar nonsignificant trends (Fig. 2C) . A review of the retinal hemodynamic alterations in diabetes shows much controversy, but there is some indication that retinal arterioles are dilated before visible retinopathy and that a hyperperfusion of the retina occurs (17) . In our sample, diameter, velocity, and flow values were independently related to age. Velocity was also independently related to systolic blood pressure and mean arterial blood pressure. However, we did not find any significant alterations in retinal arteriolar diameter, velocity, or flow across the groups with respect to the development of DME. Our sample represents a relatively early stage of the pathogenesis of diabetic retinopathy due to the fact that we excluded patients with moderate-to-severe nonproliferative and proliferative retinopathy.
Our study showed that systolic blood pressure and mean arterial blood pressure were elevated in those with retinopathy and DME compared with control subjects. Duration of diabetes was longer and A1C was higher in those with retinopathy and DME compared with those without retinopathy. The effects of hypertension and elevated A1C are well-documented risk factors for the development of DME (52) (53) (54) (55) . Duration of diabetes is an established risk factor for retinopathy (56, 57) and more specifically for macular edema (52) . Our study grouped patients with DME together regardless of severity, and this group clearly had decreased vascular compliance as assessed by the maximum-to-minimum velocity ratio. It is not surprising that a significant correlation exists between the maximum-to-minimum velocity ratio and duration of disease, given that macular edema occurs more frequently as the duration of disease increases. Pulse rate was elevated in all diabetic groups compared with control subjects. In the Cardiovascular Health Study (34) , elevated pulse rate was a strong predictor of aortic stiffness in men and women. Elevated pulse rates also predict incident DME, but this effect was not independent of hypertension (58) . The urinary albumin-to-creatinine ratio was higher in those with retinopathy and DME compared with those without retinopathy. Increased urinary albumin-to-creatinine ratio with increasing risk of DME reflects a decline in renal function and a shift in the osmotic balance of blood that might favor the development of DME (59, 60) .
These results establish the baseline characteristics of a cohort of patients with diabetes at increasing risk for DME. These patients are being followed prospectively to confirm the factors that alter retinal hemodynamics and to determine the impact of changes in retinal hemodynamics in the development of DME. Cross-sectionally, we found an increase in the maximum-to-minimum velocity ratio with increasing risk of DME. This finding suggests an increase of vascular rigidity in the arterial circulation and may indicate accelerated arteriosclerosis early in the development of diabetic retinopathy. 
